INTRODUCTION
Cytokines are cell signaling proteins involved in regulation of defense, growth, and repair mechanisms. Perinatal hypoxic-ischemic insults often result in acute and subacute brain damage and long-term neurological disabilities. Produced at the time of injury, the cytokine function depends on multiple factors. In addition, cytokines can have pro-or anti-inflammatory and neuroprotective or neurodestructive effects, depending on their state and concentration [1] . Cytokines have been studied in various animal and human pathological conditions during the past two decades [2] [3] [4] [5] . However, the findings obtained with animal models and in specific human conditions cannot be completely transposed to complex neonatal conditions.
The role of cytokines in brain damage is context specific. Thus, understanding the role of cytokines at multiple levels during brain damage, is important. These include: Fetal and neonatal inflammatory responses at systemic (blood) and local (brain) levels, level and characteristics of the insult, and timing of the insult during brain development, i.e. different development stages in term and preterm infants [6] . In general, the functions of cytokines are pleiotropic, so the overall effects can be pro-and anti-inflammatory. Despite a number of studies, the consequences of neonatal hypoxic injury in humans are still controversial. However, it is accepted today that in neonatal brain a hypoxic-ischemic insult stimulates a cascade of proinflammatory cytokines that directly or indirectly induce the process of brain injury. According to the initial suggestions, proinflammatory cytokines, such as TNF-α, can affect the development of the brain and blood-brain barrier (BBB), and are responsible for early and late brain damage [7] . Proinflammatory cytokines TNF-α, IL-1, and IL-6 are studied frequently in newborn populations. Most of the studies found elevated levels of these biomarkers in hypoxic newborns compared to control groups [8] [9] [10] [11] [12] . On contrary, only a few studies addressed the function of IL-18 in the context of perinatal brain injury [13, 14] . Based on animal experiments, it can be inferred that IL-18 has a role in the development of white matter damage (WMD) in the immature brain [13] .
Multiple factors affect cytokine levels in the perinatal period, including: The cellular origin and concentration of cytokines, evolution of injury, and response to therapy. All of these factors can negatively affect measuring cytokines in the sensitive perinatal period. In this study, we measured cytokine levels in blood and cerebrospinal fluid (CSF) samples of patients with perinatal hypoxia (PNH) to investigate the relationship between systemic (blood) and brain (CSF) cytokines and the association between the cytokine profiles and early and late neurological sequelae.
MATERIALS AND METHODS

Patients
A prospective cohort analysis of cytokine profiles was carried out in neonates treated for PNH and receiving care at the Department of Neonatology and Intensive Care of Clinic for Child Diseases, University Hospital Mostar between June 2006 and June 2010. The approval for this study was granted by the University of Mostar (N: 01-478-a/05) and written parental consent was obtained for all patients.
Neonates who met at least three of the following eligibility criteria for perinatal hypoxia/asphyxia (adopted from the statement of the American Academy of Pediatrics [15] and adapted for local practice) were included in the study: 1) Birth distress recorded on cardiotocography (more than one hour of serious disorders, deceleration or bradycardia longer than half an hour); 2) Early passage of thick meconium; 3) Blood pH less than 7.20 within the first hour after birth; 4) The need for neonatal resuscitation with positive pressure ventilation for more than two minutes; 5) Apgar score ≤5 in the fifth minute of life; 6) Abnormal neurological status in the first 72 hours of life (abnormal muscle tone, reflexes, and consciousness); and 7) Multi-system perinatal failure. Neonates positive for infection, those with congenital malformations or metabolic disorders, and cases with artificial hemorrhage (traumatic hemorrhage at lumbar puncture) were excluded.
The control group consisted of infants who, being suspected of perinatal meningitis, underwent lumbar puncture and hematological evaluation, but for whom the test results were, hematologically and clinically, negative. The patients with PNH and control group did not differ significantly in body weight, gender, gestational age, and serum C-reactive protein (CRP) levels. However, the two groups differed significantly with regard to the Apgar score in the 1 st and 5 th minute of life, blood pH, partial pressure of carbon dioxide (pCO 2 ), and base excess (-BE). Partial pressure of oxygen (pO 2 ) did not differ significantly between the two groups, because PNH patients were artificially ventilated immediately after the birth.
Blood and CSF samples
Blood samples were collected at the age of 3-96 hours (average 37.5), and CSF samples were collected at the age of 5-96 hours (average 39.2). Both types of samples were centrifuged for three minutes at 14,000 rpm. The supernatants were stored at -20°C in the Chemical Laboratory of the Medical Faculty in Mostar, and then at -70°C at the Department of Physiology, School of Medicine, University of Zagreb, until analysis. Collection of CSF and serum samples from PNH patients was difficult in some cases due to the vulnerable condition of the infants, and some of these samples were quantitatively insufficient for determination of all cytokines. 
Cytokine detection
Enzyme-linked immunosorbent assay (ELISA) was used for measuring cytokine levels in serum and CSF samples. Quantikine kits (R&D Systems, Minneapolis, USA) were used for detection of IL-6 and IL-1β, with minimum detectable concentrations below 0.70 pg/mL and 1 pg/mL, respectively. IL-18 was measured with sandwich ELISA kit (Diaclone Research, Bensancon, France) with minimum detectable concentrations below 45 pg/mL. TNF-α was also measured using specific ELISA kit (R&D Systems Minneapolis, MN, USA). The absorbance was analyzed using Dynatech MR5000 optical microplate reader (Dynatech, Billinghurst, Sussex, UK) with minimum detectable levels below 5.5 pg/mL.
Hypoxic-ischemic encephalopathy (HIE) and neurological outcome assessmentAll the patients with asphyxia/hypoxia were clinically observed during the neonatal and infant periods. In the acute phase of the illness, the level of HIE was estimated by the method of Sarnat/Sarnat [16] Neuropediatricians and physiotherapists assessed neurological outcomes at the ages of 12 and 18 months using the Amiel-Tison method [17] , and the patients were classified into three groups: 1 -normal outcome; 2 -mild motor impairment (abnormal muscle tonus); and 3 -adverse outcome (cerebral palsy or death). During the neonatal period, ultrasound examination of the brain was performed with 3.75, 5, and 6 MHz probes on a mobile Ultrasound Toshiba instrument (Japan, 1998, SSA-220 A model). A follow-up ultrasound was performed every week during the neonatal period, and after that once a month until the end of the first year of life. Cerebral ultrasound examination was performed with five standard sagittal and coronal views. According to the cranial sonography, brain involvement was classified as one of the following: 1 -normal; 2 -cerebral edema; 3 -hyperechogenic; 4 -intraventricular hemorrhage (IVH) [grades I-IV]; and 5 -ventriculomegaly [18] .
Statistical analysis
Measured data are presented as medians and interquartile ranges (IQR), except gender data which are given as numbers and percentages. Cytokine values were not normally distributed, so we used non-parametric tests (Kruskal-Wallis H and two-sample permutation test) to compare PNH and control group, as well as to compare the cytokine levels at different stages of HIE and in relation to neurological outcomes [19] . Gender data were analyzed using χ2 test. All tests were twotailed and results were considered statistically significant at p ≤ 0.05. Data analysis was performed using Statistica for Windows (version 7 StatSoft, Inc. STATISTICA Data Analysis Software System: http://www.statsoft.com) and PAST data analysis software (version 3.12 https://folk.uio.no/ohammer/ past).
RESULTS
Basic perinatal data for PNH (n = 35) and control (n = 25) group are given in Table 1 . In summary, the differences in Apgar score in the 1 st and 5 th minute, blood pH, -BE, and CSF proteins were observed between the two groups.
Infants with PNH were classified as having mild (n = 24), moderate (n = 9), and severe HIE (n = 2). Two infants (Stage 3 HIE) died at the age of three days due to multiorgan failure. At the end of the first week, 30/35 infants had abnormal ultrasound findings. Twelve of thirty infants (40%) had thalamus hyperechogenicity; 9/30 (30%) had diffuse cerebral edema; 4/30 (13.3%) had Grade 1 IVH and hyperechogenicity; 2/30 infants had Grade 3 IVH; and 3/30 infants had ventriculomegaly.
Of the 35 infants, 33 infants (94.3%) were followed for 12 and 18 months and their neurological outcomes was assessed according to the Amiel-Tison method. Among the 33 surviving infants, 6 (18.2%) had an abnormal motor outcome (4 with spastic tetraparesis, 2 with spastic paraparesis), 15 (45.4%) infants had mild motor impairment, and 12 (36.4%) had a normal motor outcome.
Significantly higher concentrations of IL-6 were found in serum samples of PNH patients compared with the control group (p = 0.04). No significant difference was observed in the concentration of IL-6 in CSF samples between PNH and control group (Table 2, Figure 1 ).
In the CSF samples of PNH and control groups, IL-1β could not be measured. In the serum samples of both groups, higher levels of IL-1β were detected in PNH compared with the control group, but the difference was not statistically significant (Table 2, Figure 1) .
The level of TNF-α was significantly higher in the serum samples of PNH patients compared with the control group (p = 0.02). However, no significant difference was observed in the level of TNF-α in the CSF samples, between the two groups.
The level of IL-18 could not be measured in 12 CSF samples in PNH group and in 7 CSF samples in the control group. Higher levels of IL-18 were observed in the serum samples of PNH patients (n = 12) compared to the control group (n = 5); however, the difference was not statistically significant ( Table 2 ). The cytokine (IL-1β, IL-6, TNF-α, and IL-18) values Figure 1 . Although no significant difference was observed between the cytokine concentrations and HIE stage, higher values of IL-6 were observed in the serum samples of infants with Stage III HIE. In addition, higher serum concentrations of IL-18 and TNF-α were observed in children with Stage II HIE, but the differences were not statistically significant (Table 3) .
A statistically significant correlation was observed between median IL-6 values of CSF (p = 0.03) and serum samples (p = 0.01), median IL-18 values of serum samples (p = 0.02) and moderately abnormal neurological outcome, at 12 months of age. Also, statistically significant higher serum levels of IL-6 (p = 0.01) and TNF-α (p = 0.03) were observed in children with poor neurological outcome (Table 4) .
DISCUSSION
Clinically, newborn hypoxia is a very complex condition with a number of interfering factors. Consequently, the conclusions with regard to this condition can be context specific [20] [21] [22] [23] . In this study we investigated the values of several cytokines from blood and CSF samples in PNH newborns in the first four days (96 hours) after the injury and in the control group. IL-6 was the most frequently observed cytokine, both in the serum (27/35) and CSF (25/35) samples. However, statistically significant differences were observed only for serum values of IL-6 and TNF-α between PNH and control group. No statistically significant differences were observed in CSF cytokine values between PNH and control group (Table 2) .
It is not clear whether cytokines are produced in central nervous system (CNS) cells after injury, or do they come from systemic compartment. Following PNH, a newborn reacts systemically with multisystem involvement [24] . It is assumed that cytokines play a similar role in serum and cerebrospinal fluid [23, 25, 26] ; however, the simultaneous cytokine expression in both compartments in PNH is still not sufficiently investigated [10] [11] [12] . Multiorgan dysfunction in post-asphyxial syndrome can cause a higher increase of cytokines in systemic (serum) compartment compared with brain compartment (CSF) [27, 28] . A significant increase of IL-6 in the serum samples of PNH group compared with control group, observed in our study, is in agreement with this observation. Similar results have been found in other studies [29] [30] [31] . Moreover, some studies showed significantly higher values of IL-6 in CSF samples of children with asphyxia, but the serum samples were not tested in those studies [9, 11, 12, 29] . These results indicate a direct production of IL-6 in injured tissue, i.e., brain. In another study, higher values of IL-6 were found in both, CSF and serum samples after a cerebral insult, with CSF IL-6 concentrations being higher compared to the serum concentrations [32] . Sampling time is considered an important factor in the assessment of cytokine values after the injury, due to the short half-life of cytokines [27] . In this study, we investigated cytokine levels only at one time point, and these levels could have a decreasing trend in the period after hypoxia. In addition, therapy procedures, such as hypothermia therapy, can influence cytokine levels [33] .
IL-1β and TNF-α are the best characterized early response cytokines and are often expressed concurrently [34] [35] [36] . In No subjects in this group; IQR: interquartile range; CSF: cerebrospinal fluid; PNH: perinatal hypoxia; IL: interleukin; TNF-α: tumor necrosis factor alpha this study, IL-1β was not detected neither in serum nor in CSF samples of PNH patients. Because our samples were collected 24 hours after the injury, this could be a reason why measurable IL-1β levels were not detected. Sävman et.al. [29] showed similar results in their study. On the other hand, some other studies demonstrated increased levels of IL-1β in serum samples of children with PNH, but these studies did not analyze CSF samples [31, 37] . IL-1β and TNF-α can affect the progression of injury, as well as the process of healing, by stimulating the synthesis of other cytokines. This, however, depends on a wide range of interactive factors in the early stage of recovery after brain injury [38] .
Other research on the levels of TNF-α in PNH samples showed heterogeneous results. While some studies found significantly higher levels of TNF-α in CSF samples, other studies demonstrated higher TNF-α levels in serum samples of hypoxic newborns [11, 12] . In addition, some studies did not find increased levels of TNF-α after hypoxic injury [31, 38] . In their study, Aly et al. confirmed increased levels of TNF-α in both, serum and CSF samples [12] . Significantly higher values of TNF-α in the PNH serum samples (but not in the CSF samples) in our study, confirm that this type of cytokine can be found in the blood circulation 30 hours after a hypoxic injury. TNF-α (together with IL-1β) is the earliest response cytokine in brain injury, however, the neurotoxic and neuroprotective functions of TNF-α are still not clear [2, 9, 11, 29, 39] .
IL-18 is anti-inflammatory and immune stimulating cytokine. IL-18 has a crucial role in mediating neuroinflammation and neurodegeneration in the CNS in pathological conditions [40] . Our analysis confirmed increased levels of IL-18 in the serum of patients with PNH (median 111.13 pg/mL), compared to control group (median 10.7 pg/mL). We assume that the observed difference is not statistically significant due to the small sample size. In the study of Minagawa et al. [41] , increased levels of IL-18 in umbilical blood samples of newborns correlated with the white matter damage and cerebral palsy in these patients [41] . In another study, increased concentrations of IL-18 in CSF samples of premature newborns with posthemorrhagic hydrocephalus correlated with the level of posthemorrhagic hydrocephalus and cystic white matter damage (cWMD) [42] . At the moment, we cannot explain why IL-18 was detected only in our serum, and not CSF samples.
It is not clear in what way and to what extent the BBB regulates the passage of IL-18 between the two compartments. It is also not clear to what extent brain immaturity or pathological conditions can influence or change the permeability of BBB to cytokines. The transport through BBB is probably different for different types of cytokines [43] [44] [45] . Although the transport of cytokines from serum to CSF and brain interstitium and from CSF to serum is described, the exact mechanism is still not clear [46, 47] .
Even though slightly higher values of IL-6 in the CSF, and IL-1β, IL-18 and TNF-α in the serum samples were observed in the children with Stage II HIE, in general, we did not observe significantly higher concentrations of cytokines in relation to different stages of hypoxia. This may be due to the small sample size but also owing to the fact that the majority of our patients had mild hypoxia. Several other studies compared the levels of cytokines with different stages of HIE [9, 11, 12, 29, 30] , confirming the role of cytokines as biomarkers of early hypoxic injury. Further studies are required for a more comprehensive conclusion on the correlation between elevated concentrations of cytokines and the degree of hypoxic-ischemic injury to the brain and whole organism.
Our analysis confirms the results of previous studies on the association between elevated levels of cytokines and poor neurological outcomes [8, 11, [29] [30] [31] 37] . We found a significantly higher concentration of IL-6 in the CSF and serum samples, and IL-18 in the serum samples of PNH infants with moderately abnormal neurological outcome. Also, we observed significantly higher IL-6 and TNF-α serum levels in the hypoxic newborns in relation to a severely abnormal neurological outcome at 12 months of age. These results are consistent with previous findings that cytokine levels are elevated in children with an abnormal neurological outcome at 12 months of age [8, 37] . Overall, according to our results, elevated serum levels of IL-6, TNF-α, and IL-18 better corresponded to an abnormal neurological outcome at 12 months of age compared to CSF cytokine levels. To better understand the cytokine production in perinatal hypoxia and the effects on HIE and late neurological outcomes, further clinical studies are required in both compartments in a human model.
